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1
RETRACTABLE CURRENT LEAD

BACKGROUND

Superconducting magnets conduct electricity with effec-
tively zero resistance as long as the magnets are maintained at
a suitably low temperature, which is referred to as a “super-
conducting temperature” hereinafter. Cryogenic systems are
used to ensure that the superconducting magnets work at the
superconducting temperature.

Superconducting magnets generally comprise supercon-
ducting coils electrically coupled to a power supply through
current leads for transmitting electrical current to the super-
conducting coils. These current leads each include one end
electrically coupled to the superconducting coil, and another
end electrically coupled to the power supply. The supercon-
ducting magnet is coupled to the power supply during a ramp
operation to power or charge the magnet to a specified field,
then put it into a persistent mode. Cryogenic devices, such as
superconducting magnets, may require current ranging from
a hundred to several thousand amperes to be brought into the
cold region of the cryostat. Significant heat is generated from
the current leads that may inevitably propagate to the super-
conducting coils. Therefore, current leads must be designed
to minimize the heat flow or loss into the cold region.

Some current lead assemblies include demountable current
leads where the connection to the power supply is terminated
when the magnet is powered and placed in persistent mode by
disengaging or demounting the contacts of the current leads.
The use of demountable current leads in a conduction cooled
superconducting magnet system is complicated by the
requirement for cooling the current lead that is coupled to the
superconducting coils. In a conduction cooled superconduct-
ing magnet system, connection of the leads occurs in a
vacuum chamber at low temperature, such as 50° K, for
example. Electrical contacts made at these low temperatures
in a vacuum, typically result in high contact resistance, pos-
sibly from frozen contaminants that are deposited to the con-
tacts, as a result of outgassing of the materials in the vacuum.
Connection at low temperatures also results in high resistance
and high heat load because good contact is difficult to achieve
since the contacts are very cold and rigid and have little
compliance which makes it difficult to establish electrical
contact. Accordingly, the leads serve as a heat load on the
superconducting magnet. Therefore, a cooling apparatus
typically is used for cooling the end of the current leads that
is electrically coupled to the superconducting coils, which is
often referred to as a “cold end”. The other end that is elec-
trically coupled to the power supply is often referred to as a
“warm end”. Establishing good electrical connection and
minimizing heat load in conduction cooled superconducting
magnets continues to be a challenge.

BRIEF DESCRIPTION

A current lead assembly for minimizing heat load to a
conduction cooled superconducting magnet during a field
ramp operation is provided. The current lead assembly
includes a vacuum chamber having a through hole to enable a
retractable current lead having a retractable contact to pen-
etrate within the vacuum chamber. A superconducting mag-
net is arranged inside of the vacuum chamber and includes a
magnet lead. A current contact is arranged inside of the
vacuum chamber beneath the through-hole and is coupled to
the magnet lead via a thermal connector. The current contact
is supported by a thermal isolation support structure coupled
to an inside wall of the vacuum chamber. An actuator assem-
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2

bly is provided to contact the retractable contact with the
current contact, where connection occurs at ambient tempera-
ture inside of the thermal isolation support structure.

DRAWINGS

These and other features and aspects of embodiments of
the present invention will become better understood when the
following detailed description is read with reference to the
accompanying drawings in which like characters represent
like parts throughout the drawings, wherein:

FIG. 1 is a diagram of a current lead assembly for a super-
conducting magnet according to an embodiment; and

FIG. 2 is a block diagram of an imaging system having a
superconducting magnet including the current lead assembly
of FIG. 1 according to an embodiment of the invention.

DETAILED DESCRIPTION

Embodiments disclosed herein provide a retractable cur-
rent lead assembly for a conduction cooled superconducting
magnet where connection of the current leads for supplying
power to the superconducting magnet occurs at ambient tem-
perature for a period of time, for example, during ramp of'the
superconducting magnet to field. According to embodiments
of the invention, the retractable current lead assembly
includes a thermal isolation support structure arranged on an
inside wall of a vacuum chamber housing the superconduct-
ing magnet. A retractable current lead having a retractable
contact penetrates into the thermal isolation support struc-
ture, which also supports a current contact that is coupled to
a magnet lead of the superconducting magnet via a thermal
connector. The retractable current lead is disposed within the
thermal isolation support structure via a through hole in the
vacuum chamber. The thermal isolation support structure
provides an interior that is thermally isolated from the cryo-
genic temperature of within the vacuum chamber. Therefore,
connection of the retractable contact and the current lead
occurs at ambient temperature within the thermal isolation
support structure. The thermal connector, coupling the cur-
rent contact and the magnet lead, is selected to minimize the
heat load to the superconducting magnet resulting from the
thermal conduction between the retractable contact and the
current contact in the thermal isolation support structure.
Embodiments of the retractable current lead assembly pro-
vide for connection at ambient temperature (room tempera-
ture for example) to enable a high current ranging from as
much as 500 Amps and more to be supplied to the supercon-
ducting magnet to ramp the magnet while maintaining mini-
mum heat load to the magnet.

Unless defined otherwise, technical and scientific terms
used herein have the same meaning as is commonly under-
stood by one of ordinary skill. The terms “first”, “second”,
and the like, as used herein do not denote any order, quantity,
or importance, but rather are used to distinguish one element
from another. Also, the terms “a” and “an” do not denote a
limitation of quantity, but rather denote the presence of at
least one of the referenced items, and terms such as “front”,
“back”, “bottom”, and/or “top”, unless otherwise noted, are
merely used for convenience of description, and are not lim-
ited to any one position or spatial orientation. Moreover, the
terms “coupled” and “connected” are not intended to distin-
guish between a direct or indirect coupling/connection
between two components. Rather, such components may be
directly or indirectly coupled/connected unless otherwise
indicated.
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Referring to FIG. 1, a diagram of a current lead assembly
according to an embodiment of the invention is shown. While
the current lead assembly includes two retractable current
leads for operation as shown in FIG. 1, only one side of the
retractable current lead assembly will be described for ease of
explanation. A vacuum chamber 12 houses a superconducting
magnet 14, a thermal shield 16 cooled by a cryocooler (not
shown), and a current lead assembly 10. The superconducting
magnet 14 is usually cooled to a temperature of about 4K,
while the thermal shield is usually cooled to a temperature of
about 50K. However, embodiments are not limited to these
exemplary temperatures and other temperatures are contem-
plated.

The current lead assembly 10 includes a retractable current
lead 18 that extends into the vacuum chamber 12 via a
through-hole 20 in the vacuum chamber 12. The retractable
current lead 18 is secured to a cap 22 by a fastener 24. The
retractable current lead 18 includes a retractable contact 17.
An actuator assembly 26 is provided to retractably engage
and disengage the retractable contact. The retractable current
lead 18 and retractable contact 17 can be formed as one part
(as shown) or separated into multiple parts such as an actua-
tion rod and a contact portion. The actuator assembly 26 can
be arranged according to various techniques to enable the
retractable current lead 18 to retractably extend into the
vacuum chamber 12. In the embodiment shown in FIG. 1, the
actuator assembly 26 includes a support rod 25 coupled to the
fastener 24 and a screw 27. The screw 27 enables the retract-
able current lead 18 to engage and disengage the retractable
contact 17. A vacuum seal 28 is made between the retractable
current lead 18 and bellows 30. The seal 28 contacts the
bellows 30 in order to maintain the vacuum within the bellows
30. Aninsulator 29, such as plastic, can be included to provide
electrical insulation between the bellows 30 and the retract-
able current lead 18. The cap 22 and the bellows 30 are
secured together by any suitable technique, such as both
welded to vacuum chamber 12, for example.

The current lead assembly 10 also includes a current con-
tact 32 arranged within the vacuum chamber 12. The current
contact 32 is coupled to a magnet lead 34 via a thermal
connector 36. Thermal stations 35 that receive the thermal
connector 36 are secured (e.g., bolted) to the thermal shield
16 through an electrical insulation layer 37. The electrical
insulation layer 37 has high thermal conductance so that the
temperature of the thermal stations is close to that of the
thermal shield 16. Examples of materials for the electrical
insulation layer 37 include Kapton with vacuum grease, or
filled epoxy with glass. Other suitable materials can be used.
The current contact 32 is supported within the vacuum cham-
ber 12 by a thermal isolation support structure 38. The ther-
mal isolation support structure 38 is made of a material that
provides thermal isolation while being strong enough to sup-
port the current contact 32 and enable high load at connection.
Examples of such materials include fiberglass with an epoxy,
a plastic insulator such as G10, or other suitable materials.
The thermal isolation support structure 38 provides thermal
insulation of the current contact 32 from the ambient tem-
perature when the retractable contact 17 is retracted, so that
current contact 32 is nearly at the same temperature as the
thermal shield 16. Therefore, when the contact or connection
between the retractable current lead 18 and the current contact
32 is open, the current contact 32, thermal connector 36, and
thermal shield 16, are all maintained at about SOK, thermally
insulated from the vacuum vessel at ambient temperature.

The thermal connector 36 is selected to minimize the heat
load to the superconducting magnet 14 that results from the
connection of the retractable contact 17 with the current con-
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tact 32 to power the magnet, even with supply currents of 500
Amps-1000 Amps and more. More particularly, the charac-
teristics of the thermal connector 36 such as material, length,
diameter, area, ratio of area to length, for example, are
selected to minimize heat conduction. The thermal connector
36 may be a copper or brass cable or wire, for example, and
may be rigid or flexible. The thermal connector 36 enables
connection to the power supply at ambient temperature with
minimal heat load or transfer to the low temperature or super-
conducting temperature of the superconducting magnet 14.

Superconducting magnets benefit from higher currents
because larger superconductor wires are more cost effective
in labor and material than smaller wires to fabricate super-
conducting coils. More particularly, the unit cost of larger
wire per ampere meter used for higher current is lower than
the smaller wire, which is typically used for lower current
such as 100-200 Amps. In addition, fewer turns are required
to wind the coil of the magnet. To date, these higher currents
are supplied in superconducting magnets that are in a helium
vapor or bath environment and not in a vacuum environment.
The embodiments disclosed herein enable use of high cur-
rents in a vacuum environment for a superconducting magnet
by minimizing the heat load to the magnet.

In addition, current lead assemblies in state of the art con-
duction cooled superconducting magnets make contact at low
temperature. Contact at low temperature, such as 50° K and
below, results in high resistance and high heat load because
good contact is difficult to achieve since the contacts are very
cold, rigid, contaminated, and have little compliance which
makes it difficult to establish electrical contact. In the
embodiments disclosed herein, electrical contact of the mag-
net to a power supply is made at ambient temperature so that
by applying pressure at the contact point a very good electri-
cal contact is established with clean contacts, and very low
contact resistance.

More specifically, the thermal isolation provided by the
thermal isolation support structure 38 enables the current
contact 32 to be maintained either at low temperature, about
50K, when the current lead 18 is retracted, or at ambient
temperature when the current contact 17 of the current lead 18
is engaged with contact 32. In addition, the thermal isolation
support structure 38 is strong enough to facilitate a high load
applied to the contact area. When the retractable current lead
18 is disengaged from the current contact 32, the current
contact 32 is cold since it is connected to the magnet 14 via the
thermal connector 36 and the magnet lead 34. However, each
time contact is established between the retractable current
lead 18 and the current contact 32, the current contact 32
warms up to ambient temperature where a good electrical
connection occurs and starts conducting heat and electricity.
At ambient temperature, any contamination that may have
formed as a result of frozen outgassing materials on the cur-
rent contact 32 disappears as the current contact 32 warms up
on contact with the retractable current lead 18. The thermal
isolation support structure 38 substantially eliminates any
heat load from going into the cryogenic area 15 within the
vacuum chamber 12. When contact between the retractable
current lead 18 and the current contact 32 is broken, the
position of the current contact 32 is maintained by the thermal
isolation support structure 38 and the current contact 32 cools
down to a cold temperature again. This arrangement enables
the retractable current lead 18 and the current contact 32 to be
engaged and disengaged without affecting their properties
because the contacts occur at ambient temperature.

Referring to FIG. 2, a magnetic resonance imaging (MRI)
system is shown incorporating the retractable current lead
assembly according to embodiments of the invention. MRI
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systems typically use superconducting magnets, often with
multiple coils to generate the uniform magnetic field. Exem-
plary superconducting magnet systems operating in MRI sys-
tems require occasional ramping of the superconducting
magnet to charge the magnet for use of the MRI system. After
the superconducting magnet is ramped, the current supply
used for the magnet ramping is disconnected and is not
needed until further magnet ramping is necessary, such as for
demagnetization of the superconducting magnet or for
remagnetization of the superconducting magnet after, for
instance, scheduled service, a magnet quench, and the like.

The operation of the MRI system 50, shown in FIG. 2, is
controlled from an operator console 52 which includes a
keyboard or other input device 54, a control panel 56, and a
display screen 58. The console 52 communicates through a
link 60 with a separate computer system 62 that enables an
operator to control the production and display of images on
the display screen 58. The computer system 62 includes a
number of modules which communicate with each other
through a backplane 62a. These include an image processor
module 64, a CPU module 66 and a memory module 68,
known in the art as a frame buffer for storing image data
arrays. The computer system 62 is linked to disk storage 70
and removable storage 72 for storage of image data and pro-
grams, and communicates with a separate system control 74
through a high speed serial link 76. The input device 54 can
include a mouse, joystick, keyboard, track ball, touch acti-
vated screen, light wand, voice control, or any similar or
equivalent input device, and may be used for interactive
geometry prescription.

The system control 74 includes a set of modules connected
together by a backplane 74a. These include a CPU module 76
and a pulse generator module 78 which connects to the opera-
tor console 52 through a serial link 80. It is through link 80
that the system control 74 receives commands from the opera-
tor to indicate the scan sequence that is to be performed. The
pulse generator module 78 operates the system components
to carry out the desired scan sequence and produces data
which indicates the timing, strength and shape of the RF
pulses produced, and the timing and length of the data acqui-
sition window. The pulse generator module 78 connects to a
set of gradient amplifiers 82, to indicate the timing and shape
of the gradient pulses that are produced during the scan. The
pulse generator module 78 can also receive patient data from
aphysiological acquisition controller 84 that receives signals
from a number of different sensors connected to the patient,
such as ECG signals from electrodes attached to the patient.
And finally, the pulse generator module 78 connects to a scan
room interface circuit 86 which receives signals from various
sensors associated with the condition of the patient and the
magnet system. It is also through the scan room interface
circuit 86 that a patient positioning system 88 receives com-
mands to move the patient to the desired position for the scan.

The gradient waveforms produced by the pulse generator
module 78 are applied to the gradient amplifier system 82
having Gx, Gy, and Gz amplifiers. Each gradient amplifier
excites a corresponding physical gradient coil in a gradient
coil assembly generally designated 90 to produce the mag-
netic field gradients used for spatially encoding acquired
signals. The gradient coil assembly 90 forms part of a magnet
assembly 92 which includes a polarizing magnet 94 and a
whole-body RF coil 96. A transceiver module 98 in the sys-
tem control 74 produces pulses which are amplified by an RF
amplifier 100 and coupled to the RF coil 96 by a transmit/
receive switch 102. The resulting signals emitted by the
excited nuclei in the patient may be sensed by the same RF
coil 96 and coupled through the transmit/receive switch 102

10

15

20

25

30

35

40

45

50

55

60

65

6

to a preamplifier 104. The amplified MR signals are demodu-
lated, filtered, and digitized in the receiver section of the
transceiver 98. The transmit/receive switch 102 is controlled
by a signal from the pulse generator module 78 to electrically
connect the RF amplifier 100 to the coil 96 during the transmit
mode and to connect the preamplifier 104 to the coil 96 during
the receive mode. The transmit/receive switch 102 can also
enable a separate RF coil (for example, a surface coil) to be
used in either the transmit or receive mode.

The MR signals picked up by the RF coil 96 are digitized
by the transceiver module 98 and transferred to a memory
module 106 in the system control 74. A scan is complete when
an array of raw k-space data has been acquired in the memory
module 106. This raw k-space data is rearranged into separate
k-space data arrays for each image to be reconstructed, and
each ofthese is input to an array processor 108 which operates
to Fourier transform the data into an array of image data. This
image data is conveyed through the serial link 76 to the
computer system 62 where it is stored in memory, such as disk
storage 70. Inresponse to commands received from the opera-
tor console 52, this image data may be archived in long term
storage, such as on the removable storage 72, or it may be
further processed by the image processor 64fand conveyed to
the operator console 52 and presented on the display 58.

While only certain features of the invention have been
illustrated and described herein, many modifications and
changes will occur to those skilled in the art. It is, therefore, to
be understood that the appended claims are intended to cover
all such modifications and changes as fall within the true spirit
of the invention.

The invention claimed is:

1. A current lead assembly for a superconducting magnet,
comprising:

a vacuum chamber having a through hole;

a superconducting magnet arranged inside of the vacuum

chamber and having a magnet lead;

a current contact arranged inside of the vacuum chamber
beneath the through-hole;

a thermal connector having one end coupled to the magnet
lead and another end coupled to the current contact;

a thermal isolation support structure coupled to an inside
wall of the vacuum chamber to support the current con-
tact beneath the through-hole;

a retractable current lead sealably penetrating the vacuum
chamber via the through hole and having a retractable
contact; and

an actuator assembly, coupled to the vacuum chamber and
the retractable current lead, arranged to contact the
retractable contact with the current contact, wherein the
contact occurs at ambient temperature inside of the ther-
mal isolation support structure.

2. The current lead assembly of claim 1, wherein the actua-
tor assembly is arranged to separate the retractable contact of
the retractable current lead from the current contact upon
completion of a magnet ramp operation.

3. The current lead assembly of claim 1, wherein the ther-
mal connector is arranged to minimize heat conduction to the
magnet lead resulting from the contact of the retractable
contact and the current contact.

4. The current lead assembly of claim 1, wherein the ther-
mal connector is flexible.

5. The current lead assembly of claim 1, wherein the ther-
mal connector is a flexible copper cable.

6. The current lead assembly of claim 1, wherein the
retractable contact, the thermal connector, and the current
contact comprise a thermally conductive material.



US 9,182,464 B2

7

7. The current lead assembly of claim 6, wherein the ther-
mally conductive material is copper.

8. The current lead assembly of claim 1, wherein the
retractable contact is integral to the retractable current lead.

9. The current lead assembly of claim 1, wherein the ther-
mal isolation support structure comprises a thermal insulating
material.

10. The current lead assembly of claim 9, wherein the
thermal insulating material is fiberglass.

11. The current lead assembly of claim 1, wherein the
thermal isolation support structure provides thermal isolation
of the retractable contact.

12. The current lead assembly of claim 11, wherein the
thermal isolation support structure maintains an ambient tem-
perature of the retractable contact.

13. The current lead assembly of claim 1, wherein an end of
the retractable current lead is coupled to a power supply, and
wherein a current in a range from 500 amperes to at least 1000
amperes is supplied to the superconducting magnet via con-
nection of the retractable contact with the current contact.

14. A method of fabricating a current lead assembly for
superconducting magnet, comprising:

providing a vacuum chamber comprising a housing enclos-

ing an interior volume and having a through-hole;
providing a superconducting magnet inside of the vacuum
chamber and having a magnet lead;

arranging a current contact inside of the vacuum chamber

beneath the through-hole;

attaching a thermal connector between the magnet lead and

the current contact;

attaching a thermal isolation support structure to an inside

wall of the vacuum chamber to support the current con-
tact beneath the through-hole;

arranging a retractable current lead having a retractable

contact to sealingly penetrate the vacuum chamber via
the through hole; and

connecting an actuator assembly to the vacuum chamber

and the retractable current lead to contact the retractable
contact with the current contact, wherein the contact
occurs at ambient temperature outside of the vacuum
chamber.

15
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15. The method of claim 14, further comprising:

arranging the actuator assembly to separate the retractable
contact of the retractable current lead from the current
contact upon completion of the activation mode.

16. The method of claim 14, further comprising:

selecting the thermal connector to minimize heat conduc-
tion to the magnet lead resulting from the contact of the
retractable contact and the current contact.

17. The method of claim 14, further comprising:

thermally isolating the retractable contact from the interior
volume of the vacuum chamber.

18. A magnetic resonance imaging (MRI) system, com-

prising:

avacuum chamber enclosing a vacuum space and compris-
ing a through-hole;

a superconducting magnet arranged inside of the vacuum
chamber and having a magnet lead;

a current contact arranged inside of the vacuum chamber
beneath the through-hole;

a thermal connector having one end coupled to the magnet
lead and another end coupled to the current contact;

a thermal isolation support structure coupled to an inside
wall of the vacuum chamber to support the current con-
tact beneath the through-hole;

a retractable current lead sealably penetrating the vacuum
chamber via the through hole and having a retractable
contact; and

an actuator assembly, coupled to the vacuum chamber and
the retractable current lead, arranged to contact the
retractable contact with the current, wherein the contact
occurs at ambient temperature.

19. The MRI system current lead assembly of claim 18,
wherein the actuator assembly is arranged to separate the
retractable contact of the retractable lead from the current
contact upon completion of the activation mode.

20. The MRI system of claim 18, wherein the thermal
connector is arranged to minimize heat conduction to the
magnet lead resulting from the contact of the retractable
contact and the current contact.
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